TO THE EDITOR
During the last decade, several studies have shown that quantification of minimal residual disease (MRD) provides prognostic information that can be used for treatment decisions in individual patients. In acute lymphoblastic leukemia (ALL), MRD information obtained at early time points during therapy allows the recognition of high-risk and low-risk patients, who may benefit from treatment intensification or treatment reduction, respectively. In acute promyelocytic leukemia (APL) and chronic myeloid leukemia (CML), MRD information at specific time-points enables effective early treatment intervention. 1 Quantitative MRD data with sensitivities of at least 10 À4 can be obtained by real-time quantitative PCR (RQ-PCR) analysis using fusion gene transcripts associated with chromosomal abnormalities as MRD-PCR targets. 2 For this purpose, primer and probe sets have recently been developed within the Europe Against Cancer (EAC) program. 3 In addition, three control gene transcripts (abelson (ABL), b2-microglobine (B2M) and glucuronidase (GUS)) were selected based on their suitability for MRD studies in leukemic patients. 4 Shipment of freshly collected patient samples to the MRD-PCR laboratories may take considerable time. Especially in multicenter studies it may take 1-3 days before the patient sample can be processed. During this period, the quality of the RNA present in the sample may deteriorate; 5 this can be due to induction of cell death with subsequent degradation of RNA, or to cellular changes resulting in altered stability or altered expression of transcripts. So far, only few studies have addressed the stability of fusion gene transcripts and control gene transcripts in patient samples. 6, 7 Differential stability over time of fusion gene transcripts and control gene transcripts may result in over-or underestimation of MRD levels. Therefore, careful assessment of the transcript stability is crucial for reliable MRD studies. We determined whether the stability of the control gene transcripts differed (1) between normal and leukemic cells, (2) between bone marrow (BM) and peripheral blood (PB) samples, and (3) between different leukemia (ALL, AML, and CML). Furthermore, we investigated the stability of fusion gene transcripts over time and evaluated whether this stability was comparable to the stability of control gene transcripts.
Three different sample protocols were used in this study: protocol 1 (whole BM and/or PB obtained at diagnosis or relapse; n ¼ 29), protocol 2 (mononuclear cells (MNC) obtained at diagnosis or relapse, diluted (20 Â ) in MNC of a healthy control to mimic an MRD setting; n ¼ 9), and protocol 3 (whole BM and/or PB samples obtained during follow-up; n ¼ 26). In all three protocols, the cell sample was divided into five identical tubes. Tube 0 was processed immediately, whereas tube 1, 2, 3, and 4 were kept at room temperature and processed at days 1, 2, 3, and 4 after sample collection, respectively. On the day of processing, MNC were separated by Ficoll density centrifugation (protocol 1 and 3 only) and RNA was isolated from 2 Â 10 6 MNC. cDNA and RQ-PCR reactions were performed according to the EAC protocol. 3 As the control gene transcripts were the topic of our study, their absolute copy numbers could not be used to correct for the quantity and quality of the RNA. Therefore, ratios between copy numbers of the different control genes were used to determine whether they showed comparable degradation rates. Statistical analysis (mixed model with type of sample protocol (1/2/3), sample type (BM/PB), leukemia type (ALL/AML/CML), and time (0/1/2/3/4 days) as variables) showed that for none of the three ratios (ABL/B2M, ABL/GUS, and GUS/B2M) the type of protocol had a significant effect, indicating that the stability of the control gene transcripts is comparable between leukemic cells and normal cells, also during therapy. Therefore, for subsequent analyses, data from the three different sample protocols were combined.
Comparison of control gene transcript ratios between BM and PB samples showed significant differences ( Figure 1 ). The ABL/ B2M and GUS/B2M ratios differed significantly between PB and BM at days 1, 2, and 4, with higher ratios in BM (Figure 1a and b). In contrast, the ABL/GUS ratio did not differ between BM and PB (data not shown) and did not change significantly over time (Figure 1c ). These effects were comparable between the three main leukemia types. Overall, these data indicate that (1) the stability of ABL, GUS, and B2M is comparable among ALL, AML, and CML cells; (2) ABL and GUS transcripts have a comparable degradation rate between BM and PB; and (3) B2M transcripts show a higher degradation rate than ABL and GUS transcripts in BM, but not in PB.
We subsequently analyzed the stability of fusion gene transcripts. It should be noted that at arrival of the sample in the laboratory it was not known whether the newly diagnosed leukemia harbored a fusion gene transcript (sample protocol 1 and 2) or whether MRD was present during follow-up (sample protocol 3). Consequently, the number of patients that could be analyzed for individual fusion gene transcript was generally low (one MLL-AF4; two TEL-AML1; three BCR-ABL p190; three AML1-ETO; two PML-RARA; one CBFB-MYH11; 18 BCR-ABL p210). Therefore, no statistical analysis was performed per type of fusion gene transcript and data were analyzed independent of the type of sample protocol and the sample type (except for BCR-ABL p210). As the fusion gene/control gene transcript ratio in follow-up samples or diluted diagnostic samples is obviously lower than the ratio in diagnostic samples, the ratio at day 0 was set at 1 and the ratio at the subsequent days was expressed relative to day 0.
Although the mean stability of most fusion gene transcripts seemed to be comparable to the control genes (as reflected by a constant ratio around 1), large differences in stability could be observed between patients expressing the same fusion gene transcript. For example, the maximum and minimum fusion gene/control gene transcript ratio (ie the assumed MRD level) in individual samples could differ up to 25-fold for AML1-ETO (at day 2), more than 100-fold for BCR-ABL p210 normalized to B2M (days 2, 3, and 4), and up to 40-fold for BCR-ABL p210 normalized to ABL or GUS (days 2, 3, and 4). An example is shown in Figure 2 for the ratio between BCR-ABL p210 and ABL in PB samples of CML patients processed at five subsequent days. Apparently, the stability of the fusion gene transcripts can vary substantially between different patients. Consequently, MRD data obtained from samples that are not processed immediately after sampling may not accurately reflect actual fusion gene transcript levels.
In order to obtain data on the absolute degradation rate of gene transcripts over time, we evaluated the stability of the three control gene transcripts (ABL, B2M, and GUS) in PB samples obtained from healthy subjects, using an in vitro transcribed non-human RNA as an exogenous internal positive control in order to correct for variations in MNC number, RNA isolation, and cDNA synthesis. Whole-PB samples (n ¼ 12) were divided into four tubes. From tube 1, MNC were immediately separated by Ficoll density centrifugation, counted, and lyzed (first step RNA isolation). Per 1 Â 10 6 cells, 5 ml of exogenous control RNA (1000-fold diluted; kindly provided by Wanli Bi, Applied Biosystems, Foster City, CA, USA) was added, followed by completion of the RNA isolation, cDNA synthesis, and RQ-PCR analysis. Tubes 2-4 were processed identically at days 1-3. The exogenous control normalized Ct values of all three control gene transcripts increased with time and generally an increase of 1 Ct was observed on consecutive days (data not shown). These 
Figure 2
Stability of BCR-ABL p210 fusion gene transcripts relative to ABL control gene transcripts in PB of CML patients (n ¼ 13). Although the mean BCR-ABL/ABL ratio remained relatively constant, individual cases showed large variations, with decreased ratios (up to 8.3-fold) in some cases but increased ratios (up to 11.8-fold) in others. This variation was not related with the type of sample protocol used (data not shown).
Figure 1
Stability of control genes over time. Whole BM or PB samples were obtained from patients with leukemia at diagnosis or during follow-up. A total of 64 samples was obtained from 26 AML patients (21 BM, five PB), 22 CML patients (five BM, 17 PB), and 16 ALL patients (six BM, 10 PB; 12 precursor-B-ALL, and four T-ALL patients). (a) The ABL/B2M ratio differed significantly between BM and PB samples at days 1, 2, and 4. The ABL/B2M ratio in BM samples at days 1, 2, 3, and 4 was also significantly higher than at day 0. These effects were comparable between the three types of leukemia and therefore the combined data of the three leukemia types are shown. (b) The GUS/B2M ratio in all three leukemia types was significantly different between BM and PB at days 1, 2, and 4. As the GUS/B2M ratio was significantly lower in ALL than in AML and CML, 4 only the GUS/B2M ratio in ALL is shown. (c) In agreement with previous results, 4 the ABL/GUS ratio was significantly higher in ALL as compared to AML and CML. Nevertheless, the ABL/GUS ratio did not differ between BM and PB and remained stable during the 4-day time period in all three leukemia types; consequently, combined data of BM and PB samples are shown for each leukemia type. Symbols: n , Po0.05 relative to t ¼ day 0; # , Po0.05 BM vs PB (mixed model analysis).
results indicate that the absolute degradation rate is approximately 50% per day (ie an increase of the Ct value with one cycle) in PB MNC.
Although our data are based on a limited and heterogeneous set of samples, they clearly indicate that transcripts are rapidly degraded ex vivo and that the rate of degradation can differ between different types of transcripts, between PB and BM, and between patients. As such differential degradation will results in an over-or underestimation of MRD levels, samples should preferably be processed on the day of sampling; this processing should include at least the Ficoll density centrifugation-based separation of MNC and the cell lysis step of the RNA extraction. Even better, because changes in transcript levels can already occur within the initial 4 h, 5 We read with interest the paper by Ruchatz et al 1 on the effect of imatinib on hematopoietic recovery following idarubicin exposure in murine model. We describe an elderly patient with chronic myeloid leukemia (CML) and transformed large B-cell lymphoma treated with imatinib mesylate and combination chemotherapy.
This is an 87-year-old male with a history of follicular lymphoma involving left cervical nodes in 1996, and he refused further therapy. He presented again in July 2000 with a markedly elevated WBC of 223 000/ml. A bone marrow examination confirmed the diagnosis of CML in chronic phase with cytogenetic study showing 45X,-Y,t(9; 22)(q34; q11) [25] . He was initially started on hydroxyurea and subsequently anagrelide was added because of thrombocytosis. In November 2001, the therapy was switched to imatinib mesylate when it was available commercially. At the same time, he started to experience nasal congestion and difficulty in swallowing. Both
